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Collisional removal rate constants for the OH (X 2 Il,v=l) radical are measured for the colliders q /Jr 

0 2 , C0 2 , and N 2 0, and an upper limit is established for N 2 . OH(i/=4) molecules, generated in a 

microwave discharge flow cell by the reaction of hydrogen atoms with ozone, are excited to v=l by 

the output of a pulsed infrared laser via direct vibrational overtone excitation. The temporal 

evolution of the v=l population is probed as a function of the collider gas partial pressure by a 

time-delayed pulsed ultraviolet laser. The probe laser light is resonant with the (0,7) band of the 

B 2 % + -X 2 n transition. Fluorescence from the B 2 X + state is detected in the visible spectral 

region. We measure rate constants for C0 2 , (6.7±1.0)X10 -11 ; N 2 0, (3.0±0.6)X HT 11 ; 0 2 , 

(7 ±2)X 10 12 ; and N 2 , < 6 X 10 ~ 13 (all in units of cm 3 s _1 ). © 1996 American Institute of Physics. 

[S0021-9606(96)01 115-9] 


INTRODUCTION 

Vibrationally excited OH radicals are generated in the 
upper mesosphere near 90 km by the reaction of hydrogen 
atoms with ozone . 1 Once produced, the hydroxyl radical can 
either fluoresce or be deactivated in collisions with the am- 
bient species: 0 2 , N 2 , and O atoms. Over the past decade, 
significant progress has been made in measuring the vibra- 
tional level dependence of the total removal rate constants 
for these collisional processes in the laboratory . 2 " 10 Upon 
examination of the existing experimental data on this relax- 
ation, we found no reliable measurements of the total re- 
moval rate constants for the vibrational levels v-1 and 8 . 
Because of the pressure conditions in the atmosphere, these 
levels are extremely important in the modeling of the Earth’s 
nightglow . 11,12 Moreover, these levels connect the measure- 
ments for low vibrational levels (v^s6) made by Dodd 
et al. 7 ’ 8 and the measurements made for v=9 and 12 made in 
this laboratory , 6,10,13,14 providing a consistency check for the 
recent laboratory data. In this work we apply the technique 
used in the study of v=9 by Chalamala and Copeland 10 to 
the 12=7 vibrational level. 

Complete review of the extensive literature of the relax- 
ation of OH vibrational levels can be found in several manu- 
scripts and will only be summarized here 2,8,14 Early experi- 
ments were unreliable because of difficulties with the 
experimental approach . 2,3 Simply put, the reactions that gen- 
erated the vibrationally excited OH were slower than the 
reactions that removed it. This made the kinetic modeling of 
reactive-production-based systems very complicated. The ex- 
perimental problems were described by Finlayson-Pitts and 
Kleindienst 2 (FPK) and Greenblatt and Wiesenfeld . 3 Disre- 
garding the work done before 1981, more recent direct mea- 
surements have been very consistent. FPK began the contem- 
porary measurements by using a discharge flow tube to 
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measure the relative rate constants for the colliders 0 2 , C0 2 , 
Ar, and N 2 for v—9. For the atmospheric gases, they found 
that 0 2 is at least 20 times more efficient at relaxing v=9 
than N 2 . Absolute rate constants could only be obtained by 
assuming a value for the A 9 3 Einstein coefficient which, to 
this date, is still highly variable in the literature . 12 Direct 
measurements for vibrational levels greater than one began 
with the study of vibrational relaxation in v—2 via vibra- 
tional overtone excitation from the ground vibrational 
state 4,5 Measurements have been made for v= 2 for 0 2 and 
upper limits extracted for N 2 along with data for many other 
colliders. Dodd et al?' 8 in two publications made measure- 
ments for a range of vibrational levels spanning one to six 
for 0 2 as a collider and one to four for C0 2 . They used 35 
kV electron beam excitation and modeled the relaxation of 
the product vibrational distribution assuming different relax- 
ation mechanisms. For p=2, the extracted results for 0 2 col- 
lisions are consistent with the results from direct overtone 
excitation . 4,5 They concluded that a single quantum vibra- 
tional cascade mechanism was consistent with their data for 
these vibrational levels. At the same time as the Dodd et al. 
study, Copeland and co-workers began experiments on high 
vibrational levels of OH. Initial experiments 6 were per- 
formed on the * 2=12 level, which is higher in energy than 
those levels populated in the earth’s atmosphere by the hy- 
drogen atom reaction with ozone. These measurements 
yielded rate constants significantly faster than any recorded 
previously for OH ground state vibrational removal and 
showed that the difference between the 0 2 and the N 2 rate 
constants decreased with increasing vibrational level. The 
most recent experiments involved v=9, the highest lying vi- 
brational level populated by the OH(* 2 ) production reaction . 10 
OH vibrational removal measurements again showed very 
rapid removal, with ratios of the collider rate constants con- 
sistent with the FPK study . 2 Given all these measurements, 
we were left with one atmospherically important experimen- 
tal gap in the measurements between the v—6 measurements 
of Dodd et al. 8 and the v=9 measurements of this 
laboratory . 10 

Understanding the relaxation process in these high vibra- 
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tional levels (9>v>6) is particularly important in modeling 
the vibrational and altitude dependence of the earth’s night- 
glow. In 1987, McDade and Llewellyn proposed several lim- 
iting mechanisms through which the OH vibrational relax- 
ation might proceed. 11 These mechanisms were the single 
quantum cascade model, where the OH molecules are colli- 
sionally deactivated in one-quantum steps in the OH vibra- 
tional quantum number, and the sudden death model, where 
all the excited OH undergo either complete deactivation or 
reaction in one removal collision. By comparing the distri- 
bution of vibrational levels observed in the atmosphere with 
kinetic model results, they concluded that if single quantum 
cascade was valid for all vibrational levels, there had to be a 
maximum in the removal rate constant at v=l. For the “sud- 
den death” model, such a maximum in the removal rate con- 
stant was not needed. Clearly, v=l experimental values are 
needed to either support or contradict the proposed relax- 
ation pathways. 

In this work, we use a similar approach to the two pre- 
vious SRI studies. Vibrationally excited OH (5=s^9) are 
produced via a reaction of hydrogen atoms and ozone in a 
discharge flow cell. Using a pulsed infrared laser, some of 
the ground electronic state v=4 radicals are excited to a spe- 
cific rotational state in v—1 via a direct overtone vibration 
excitation. The time dependence of the v=l population is 
examined by a time-delayed pulsed ultraviolet laser. The 
probe laser light excites the OH{v=l ) to the B 2 S + elec- 
tronic state, and a filtered photomultiplier tube monitors the 
fluorescence to the A 2 X + state. 15,16 The rate constants ob- 
tained from the temporal evolution are compared to earlier 
studies, and a consistent picture is obtained for the colli- 
sional energy transfer from v= 1 to 12. 


EXPERIMENTAL APPROACH 

The details of the experimental approach begin with a 
description of the OH production. The reaction of 0 3 with H 
atoms produces vibrationally excited OH in the flow cell. A 
microwave discharge generates H atoms from a gas mixture 
consisting of 20-30 standard cubic centimeter per minute 
(seem) flow of H 2 seeded in 1000 seem flow of He. Down- 
stream of the microwave discharge cavity, the glass dis- 
charge tube consists of a 3.8 cm diameter outer tube, through 
which the H/He mixture flows, and a concentric 0.635 cm 
diameter tube inlet, through which the 0 3 is introduced. The 
reactants mix only after entering the cell, over a distance of 4 
cm to the OH observation region. The 0 3 is produced by a 
commercial ozonator and trapped in silica gel (grade 40) at 
196 K. A He pressure slightly higher than atmospheric pres- 
sure produces a flow of 300-600 seem of He through the 
ozone trap. This He flow entrains the 0 3 and carries it into 
the flow cell. The various colliders are introduced by mixing 
them with either the 0 3 /He or H/He gas flows in the dis- 
charge tube, from 15-20 cm upstream of the cell. All gas 
flows are measured with calibrated mass flow meters. The 
total pressure is measured with a capacitance manometer. 
From the flow rates and total pressure, the partial pressure of 


each is obtained; total cell pressure of up to 7 Torr, and 
collider partial pressures of up to 2.5 Torr, are used. 

OH radicals in v=5-9 are produced by the 0 3 +H reac- 
tion. In order to prepare v-1 by the ( X 2 II -X 2 U) (7,4) 
overtone excitation, this distribution of vibrational states 
must first be collisionally relaxed to lower levels. Ideally, 
one would like to start with all of the population in v=4, and 
none in v—1, so that only the laser-prepared v=l population 
is detected by the B 2 X + -A 2 II laser-induced fluorescence 
(LIF). To optimize the v-4!v=l ratio, we vary the total cell 
pressure and the position of the gas inlet ports with respect to 
the observation region, and add different gases to enhance 
the relaxation process while observing the OH(n=7) laser- 
induced fluorescence signal both on and off of the (7,4) reso- 
nance. At short time delays, before the prepared rovibrational 
state has had time to rotationally equilibrate, the on- 
resonance: off-resonance signal ratio taken probing the pre- 
pared level is a maximum of 3.5:1. Rotational equilibration 
of the prepared vibrational state occurs on a time scale that is 
fast compared to the collisional removal of the vibrational 
state. Data are obtained by probing a rotational level that is 
filled by the rotational equilibration process, to minimize the 
effect of this rotational equilibration on the measurement of 
the vibrational removal rate constant. To this end, we prepare 
OH(^=7) through excitation of (X 2 U~X 2 n)(7,4)£>,(l) 
transition, and monitor the population by LIF through exci- 
tation of (B 2 2 + -A 2 n)(0,7)Q,(3). 17 Due to rotational 
equilibration, the on-resonance: off-resonance signal ratio 
drops below 1.5:1. Since noise on the off-resonance signal is 
about 10%, this signal is still 2-5 times the background 
noise level. 

The excitation and detection lasers are counter propa- 
gated and overlapped in the flow cell. Since the two-laser 
signal is a sensitive function of this overlap, the beam sizes 
are matched. Both beams are focused into the center of the 
cell by 1 m lenses. To excite the (X 2 II — X 2 II) (7,4) over- 
tone, the output of a 10 Hz Nd:YAG-pumped dye laser is 
Raman shifted in 350 psi of H 2 . The second Stokes output 
near 1200 nm, typically 5 mJ/pulse, is separated from the 
fundamental by a stack of two long-pass glass filters. Reflec- 
tive loss is minimized by using infrared mirrors to direct the 
Raman-shifted light into the center of the flow cell. The 
wavelength of the laser light is tuned to excite the Qi(l) 
transition of the (X 2 U~X 2 II) (7,4) band. The frequency- 
doubled output of an excimer-pumped dye laser, also run at 
10 Hz, is tuned to detect the prepared OW{v—l) using the 
B 2 X + ~X 2 II (0,7) band near 213 nm (at typically 0.4 mJ/ 
pulse). The resulting ( B 2 X + ~A 2 S + ) fluorescence is col- 
lected at right angles with a photomultiplier tube 
(Hamamatsu R105), where two glass filters (Schott GG-420) 
and a long-pass filer (Corion LS-600-F-K220) isolate the 
(B 2 S + — A 2 2 + ) (0,6), (0,7), and (0,8) bands in emission 
(450-570 nm) and eliminate scattered light from both lasers. 
The analog output of the photomultiplier is fed into a gated 
integrator and stored on computer. 

To obtain the temporal evolution of the OH(v=7) popu- 
lation, the time delay between the excitation and detection 
lasers is scanned. Data are collected over time delays up to 
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DELAY TIME (ns) 


FIG. 1. Time dependence of the OH (y=l) population as a function of C0 2 
partial pressure. The squares are the experimental data points at 0.05 Torr of 
added C0 2 and the circles are the points at 0.79 Torr of added C0 2 . The 
solid lines are the best fit single exponential and the dashed line the best fit 
baseline. 


20 /uls, depending upon the collider pressure and removal 
efficiency, averaging 140 laser shots per time delay setting. 
The colliders and their partial pressures are then varied to 
produce the desired rate constant information. 

RESULTS 

Figure 1 shows typical experimental data for v=l at 
0.05 and 0.79 Torr of added C0 2 . The solid line is the best fit 
single exponential and the dashed line is the fit to the back- 
ground v-1 signal. In most cases the signal is fit from ap- 
proximately 80% of the peak intensity until the end of the 
data. Decay constants for these experimental data are plotted 
vs the partial pressure of added collider. The results for C0 2 , 
N 2 0, 0 2 , and N 2 are shown in Fig. 2. From Fig. 2 we see 
that C0 2 is the most efficient at removing the v=l OH, and 
N 2 is the least efficient. The data for N 2 extends to much 
higher pressure but is not included in the figure so that the 
scatter in the other colliders can be illustrated. All reported 
rate constants are from weighted linear-least-squares fits to 
the experimental data, and the quoted error values are two 
standard deviations to the linear fit. Unweighted fits differ 
slightly in the absolute magnitude of the rate constant but 
always overlap within the error estimates. The data for C0 2 
shows significantly more scatter since it is used as a test gas 
for the degree of mixing as described later. 



FIG. 2. Pressure dependence of the OH (v=l) signal decay constant for 
C0 2 , N 2 0, 0 2 , and N 2 . The circles are C0 2 , the triangles N z O, the squares 
0 2 , and the diamonds N 2 . The solid lines are the results of a weighted linear 
least squares fit to the data points. Additional points at higher pressure of N 2 
are not displayed. 


As with any reactive flow tube study, complete mixing is 
critical to accurate measurements. For our experiments, we 
are slightly less demanding on how quickly the mixing oc- 
curs. In these experiments, the species must be well mixed 
by the region of laser excitation and detection because to 
obtain the partial pressure of the collider in the observation 
region all the individual flows are added together and the 
partial pressure calculated from the individual flows and the 
total pressure. All mixing checks are performed with C0 2 , 
since it gave the largest signals and permitted more variation 
in the flow conditions while maintaining a sufficient signal 
for analysis. 

We checked for systematic errors in the rate constant 
measurements due to mixing effects by comparing rate coef- 
ficients obtained with C0 2 collider entering through the 0 3 
inlet, the H inlet, and with the partial flows of C0 2 balanced 
through both inlets. The slopes obtained from plotting these 
data varied in an apparently random manner with their re- 
spective uncertainties, so we conclude there is no systematic 
error due to choice of collider inlet, and therefore mixing. 
The average of the different slopes is the same as the slope 
obtained by fitting all of the data points as a group, and the 
latter value is the one we report for the C0 2 rate constant. 

For the 0 2 collider, the measurements are taken by ad- 
dition through the 0 3 inlet. This gave the maximum partial 
pressure range while maintaining the signal intensity. For N 2 , 
a small amount of N 2 0 is added to enhance the population 
difference between v=4 and 7. The slope of the line for the 
decay constant versus added N 2 partial pressure is not sig- 
nificantly different from zero, therefore we report a two stan- 
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TABLE I. OH (X 2 n, , v=l) vibrational relaxation rate constants. All error 
estimates are two standard deviations and the upper limit for N 2 is a two 
standard deviation upper limit. 


Collider 

k (cm\s ') 

(T (A 2 ) 

C0 2 

6.7 ± 1 .OX 10“ n 

1 1 ±2 

n 2 o 

3.0±0.6X 10 -11 

5.2± 1.0 

0 2 

7±2X 10~ 12 

1.1+0.3 

n 2 

< 6 X 1 0 “ 1 3 

<0.09 


dard deviation upper limit. Table I contains the rate constants 
measured in this study and the thermally averaged collision 
cross sections calculated using the root mean-squared veloc- 
ity. 

DISCUSSION 

These rate constants are part of a large body of informa- 
tion on OH vibrational relaxation, and their significance lies 
in the coupling with previous measurements and atmospheric 
modeling. Given the relative magnitude of the 0 2 and N 2 rate 
constants, it is clear that OH removal in the atmosphere for 
the high vibrational levels is dominated by collisions with 
0 2 . Lower levels may be influenced by O-atom collisional 
relaxation. The O-atom concentration is about a factor of 100 
lower than the 0 2 concentration at the altitude of the OH 
emission in the earth’s atmosphere. The reliable 0 2 measure- 
ments are summarized in Fig. 3. The rate constants increase 
monotonically up to v=9 , then stabilize or decrease slightly 
to v—\2. The v=\2 level is the highest lying vibrational 



VIBRATIONAL QUANTUM NUMBER 


FIG. 3. Plot of the vibrational removal rate constants for 0 2 vs the OH 
vibrational level on a log scale. Open circles, Ref. 8; open square, Refs. 3 
and 4; open triangle; Ref. 10; solid circle, Ref. 6; solid square, this work. 



VIBRATIONAL QUANTUM NUMBER 


FIG. 4. Plot of the vibrational removal rate constants for C0 2 vs the OH 
vibrational level on a log scale. Open circles. Ref. 8; open squares, Refs. 3 
and 4; open triangle. Ref. 10; solid circle, Ref. 6; solid square, this work. 

level that lies below the v=0 level of the first excited doublet 
state of OH, A 2 X + . Single quantum relaxation out of v— 12 
is about 70 cm -1 exothermic, while that for v=l is almost 
1030 cm -1 exothermic. For 0 2 , no near-resonant enhance- 
ment in the magnitude of the rate constant is obvious from 
the vibrational level dependence. Recent trajectory 
calculations 18 find an important multiquantum relaxation 
pathway at high vibrational levels. The only missing data in 
the atmospherically important vibrational levels is that for 
v=8. Experiments on v=8, 10, and 11 are underway in this 
laboratory and will be presented in a future publication. 19 At 
this point we see no evidence for a maximum in the rate 
constant as predicted by McDade and Llewellyn if the colli- 
sional cascade model is assumed. 11 This again supports a 
multiquantum or a “sudden death” type of loss process for 
the higher OH vibrational levels. Measurements on v—S will 
either strengthen or weaken this conclusion. The v=l mea- 
surement for 0 2 follows the smooth vibrational level trend 
from the Dodd et al. study 8 and is consistent with these mea- 
surements, in which a radically different experimental ap- 
proach was used. Thus, the 0 2 vibrational level dependence 
appears well understood. 

For N 2 the upper limit of 6X10 13 cm 3 s' 1 is similar to 
the upper limit 10 obtained for v=9, 5X10 -13 cm 3 s _1 . It 
is smaller than the measurement 6 for v=12 of 
(2.5±0.7)X10~ 12 cm 3 s _1 . From these data there is no 
apparent resonant enhancement in the one quantum transfer 
process even though it is only 255 cm -1 exothermic for 
v=l. Data for C0 2 are shown in Fig. 4. The rate constant for 
v=l is similar in magnitude to both the v=9 and 12 
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values. 6 ’ 10 The vibrational removal rate increases with vibra- 
tional level for v=l-4 and appear constant for v—l-\2. 
Clearly, the unstudied vibrational levels must be examined to 
confirm this trend. For C0 2 , the one quantum transfer into 
the v 3 mode is about 236 cm -1 exothermic for v—1. More 
work is needed on C0 2 to know if this is significant. The 
N 2 0 rate constant for v—1 is about a factor of 2 slower than 
for C0 2 , and also about a factor of 2 slower than the only 
other measurement for N 2 0 in high vibrational levels, for 
p=9. 10 With only two measurements of two vibrational lev- 
els it is inappropriate to speculate on the cause of this differ- 
ence. Because of their slightly different vibrational spacings, 
studying the similarities and differences between C0 2 and 
N 2 0 will be instructive and is underway. 

In conclusion, OH vibrational removal is rapidly becom- 
ing well understood using state-specific techniques. In colli- 
sions with 0 2 , the vibrational dependence has been exam- 
ined from p=l to 12. Measurements on only a few 
vibrational levels are needed to complete this entire range. 
For modeling the atmosphere, the temperature dependence of 
OH vibrational removal below room temperature will be a 
critical measurement, since the temperature in the OH emit- 
ting layer varies from 150 to 230 K. 
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